Group B coxsackieviruses (CVB) utilize the coxsackievirusadenovirus receptor (CAR) to recognize host cells. CAR is a membrane protein with two Ig-like extracellular domains (D1 and D2), a transmembrane domain and a cytoplasmic domain. The three-dimensional structure of coxsackievirus B3 (CVB3) in complex with full length human CAR and also with the D1D2 fragment of CAR were determined to ∼22 Å resolution using cryo-electron microscopy (cryo-EM). Pairs of transmembrane domains of CAR associate with each other in a detergent cloud that mimics a cellular plasma membrane. This is the first view of a virus-receptor interaction at this resolution that includes the transmembrane and cytoplasmic portion of the receptor. CAR binds with the distal end of domain D1 in the canyon of CVB3, similar to how other receptor molecules bind to entero-and rhinoviruses. The previously described interface of CAR with the adenovirus knob protein utilizes a side surface of D1.
cryo-electron microscopy (cryo-EM) for human rhinoviruses 14 and 16 (HRV14 and HRV16) in complex with intracellular adhesion molecule-1 (ICAM-1 or CD54) 9, 10 , poliovirus (Mahoney) in complex with poliovirus receptor (PVR or CD155) [11] [12] [13] and coxsackievirus A21 in complex with ICAM-1 (ref. 14) . Conservation of receptor binding within the canyon, in spite of the evolutionary divergence of these viruses, suggests that such a binding site provides an evolutionary advantage. The binding site in the canyon has been suggested to be protected from immune surveillance by being less accessible to relatively large antibodies 8 . Furthermore, this site may also be required to trigger uncoating during viral entry 15, 16 . Nevertheless, these suggestions have been challenged because the footprint of at least one neutralizing antibody was found to extend into the canyon 17 .
CAR is a 46 kDa membrane glycoprotein with two Ig-like extracellular domains (D1 and D2), a transmembrane domain and a 107-amino acid cytoplasmic domain [5] [6] [7] . CAR is expressed in many tissues and is highly conserved between mice and humans. It may have a cell adhesion function 18 , but its precise physiological role remains unclear. The roles of CAR in CVB and adenovirus infection are different. For CVBs, CAR can function for both attachment and infection 7 . For adenoviruses, however, the major function of CAR is to mediate initial attachment of virus to the cell surface, whereas subsequent entry of virus into cells is mediat- 19, 20 . To further understand the role of CAR in CVB infection, we determined the structure of CVB3 bound to detergent extracted, full length CAR and to recombinant fragments of the CAR ectodomain. The mode of CAR binding into the viral canyon was the same in every case, demonstrating the importance of the virus-receptor interaction and the critical nature of the canyon binding site in the initiation of infection.
CVB3-CAR complexes
Reconstructions were computed of images of CVB3 in complex with either full length human CAR (Fig. 1a) , with the ectodomain (D1D2) of human CAR (Fig. 1d) or with the D1 domain alone. Full length human CAR was extracted from mouse cells expressing CAR from multiple copies of the transfected human CAR gene. The mouse A9 cell line does not express detectable levels of mouse CAR (data not shown). Cryo-EM reconstructions showed that this form of the protein completely saturated binding sites on CVB3 capsids. A cDNA fragment encoding the entire CAR ectodomain (D1D2) was cloned into a VSV-based expression vector and then expressed in infected BHK cells. Although the resultant D1D2 fragment was able to bind strongly to adenovirus knob protein, showing it to be biologically active, cryo-EM reconstructions showed only partial saturation of binding sites on the CVB3 capsids. The D1 fragment of CAR was expressed in Escherichia coli, and its structure bound to adenovirus knob protein has been determined 21 . Nevertheless, cryo-EM reconstructions did not show any detectable binding of the D1 domain fragment to CVB3. In parallel with the cryo-EM experiments, interaction of the three different forms of CAR protein with CVB3 was monitored by plaque reduction assays. Consistent with the results of the cryo-EM reconstructions, the efficiency of plaque inhibition by the three forms of CAR protein varied in the order: full length CAR > D1D2 > D1. Because the N-terminus of CAR D1 participates in the interaction with CVB3, the different N-terminal sequences resulting from the various expression systems may have contributed to the variation in plaque reduction assays and cryo-EM results.
The cryo-EM reconstruction of CVB3 in complex with full length CAR ( Fig. 1) showed domain D1 bound into the canyon of CVB3, domain D2 making an angle of ∼125°with the long axis of domain D1 and a large density feature corresponding to the transmembrane and cytoplasmic region. The size of this feature suggests that it may be associated with the Nonidet P40 (NP40) nonionic detergent present in the solution used for the extraction and purification of CAR. The transmembrane and cytoplasmic domains within the large density feature cannot be differentiated. The electron density between D2 and this large density region is lower than the density of the hinge between D1 and D2. This suggests the hinge between D2 and the transmembrane domain is more flexible or longer than the hinge between D1 and D2. Adjacent CAR molecules, related by icosahedral two-fold axes, share common density in the external transmembrane and cytoplasmic regions. This association of the adjacent receptors might stabilize the complex or increase the possibility of forming saturated complexes. Hence, bivalent CAR might bind to CVB3 capsids with higher avidity than the monovalent D1 and D1D2 fragments, and this could account for the more potent plaque reduction activity of intact CAR protein. The large density feature may mimic a cellular membrane-like structure induced by the presence of the NP40 detergent. Therefore, the observed cryo-EM structure may represent the initial complex formation prior to the internalization of CVB3 into a cell.
The D1 and D2 domains of CAR each has one potential N-glycosylation site. The site at Asn 108 contributes a small density protrusion on one side of the cryoEM density of domain D1. This density feature together with the asymmetric shape of domain D1 itself allows the structure of CAR D1 to be fit reliably (Fig. 2) . The fit shows that the interface between the virus and the receptor consists of the distal end of CAR bound to the north rim and the floor of the canyon, as well as the A and G β-strands (Fig. 3 for nomenclature) bound to the south rim of the canyon. The EM density of D2 is in the shape of a cylinder and leads to a more uncertain fit of the homologous model. However, the requirement that the C-terminus of D1 must connect with the N-terminus of D2 provides some restraints on the fit of D2 into the EM density.
Although the cryo-EM density for CVB3 in complex with full length CAR shows greater saturation than that for the complex with CAR D1D2 fragment, the electron density distribution corresponding to D1 and D2 is very similar in both reconstructions (Fig. 1) . Thus, the transmembrane and cytoplasmic association does not alter the way domain D1 binds to the virus. The reproducibility with which different samples of CAR bind to CVB3, or with which ICAM-1 binds to different HRV serotypes, contrasts with the quite different binding orientation of specific receptors, such as CAR, PVR, and ICAM-1, make with their corresponding viruses. Thus, the consistency for CAR binding suggests that all 
Interaction with picornaviruses
The CAR binding region in the CVB3 canyon is similar to the receptor binding region of other picornaviruses 9,11-14 . The binding region of receptors is mostly the distal end of domain D1, although in poliovirus it also includes the side of D1 composed of the C, C′ and C″ β-strands (Fig. 3) . The orientation of D1 is approximately radial in all cases except for poliovirus. The canyon of poliovirus is wider than that of CVB3 and the HRVs, allowing the tangential binding of PVR into the poliovirus canyon. Therefore, the shape and size of the canyon may be important factors that dictate the docking orientation of the receptors.
All of the external viral proteins (VP1, VP2 and VP3) participate in receptor binding, but the majority of the interactions with CAR are with VP1 (Fig. 4) . Several charged residues line the binding interface and make complementary interactions with CAR. These residues in the virus-receptor interface are moderately well conserved among the six CVB serotypes as well as in swine vesicular disease virus (SVDV), a picornavirus that also uses CAR as its cellular receptor 7 . The mutation N2165D (residues in VP1, VP2, VP3 and VP4 of picornaviruses are numbered starting with 1000, 2000, 3000 and 4000, respectively) of a CVB3 variant 22 attenuates the myocarditic phenotype. This mutation is adjacent to Lys 2166 and might influence the electrostatic interaction between the virus and Glu 28 or Glu 29 of CAR. Both human and mouse CAR can bind to CVBs. Amino acids of human CAR identified in the CVB3 interface (Fig. 4) are almost completely conserved in mouse CAR 23 .
Comparison with adenovirus interaction
CAR uses the distal end and the A-G side of D1 for binding to CVB3, whereas it utilizes the C, C′ and C″ strands and the FG loop on the other side of D1 for binding to adenoviruses 19, 21 (Fig. 3) . The overlapping binding region of CVB3 and adenovirus on CAR is located at the beginning of strand C and the FG loop, accounting for the competitive binding of these viruses to HeLa cells 4 . The way CAR is utilized for attachment and subsequent processes for cellular infection is different for these two types of viruses (Fig. 3d) . D1 of CAR has been shown to form a homodimer during crystallization 24 . The residues that form the interface between the monomers in the homodimer also form the interface with the D1-adenovirus knob protein. Apparently, the CAR residues in this interface make a nonspecific sticky surface. This surface, surprisingly, is not involved in the CAR-CVB3 interaction and might suggest that there is an especially strong adhesion of CAR to CVB3. The interaction of receptor with entero-and rhinoviruses has been proposed to cause the release of a 'pocket factor' bound to VP1 and, hence, the destabilization of the viruses, thereby allowing the viruses to uncoat after cell entry 15, 16 . The conservation of the binding site for Ig-like, cell surface receptor molecules in the canyon of entero-and rhinoviruses, as suggested by the canyon hypothesis 8 , might be required for protection of this site from the immune system of the host, as well as for providing a suitable trigger for virus uncoating.
Methods
Virus and CAR purification. CVB3 (strain M) 25 was produced in HeLa cells and was purified by sedimentation through a 30% (w/v) sucrose cushion and then through a 10-40% (w/v) potassium tartrate gradient 3 . Full length human CAR protein was isolated from a mouse cell line that was stably transfected with a bacterial artificial chromosome (BAC) containing the human CAR gene (GenBank accession AF200465) 26, 27 . A selected clone was grown in Dulbecco's MEM supplemented with 10% (v/v) calf serum and 0.4 mg ml -1 G418-resistant cells. Cells were harvested and lysed in PBS containing 1% (v/v) Triton X-100. After low speed centrifugation, the cleared lysate was applied to a column of adenovirus 12 knob protein 27 immobilized on CNBr-activated Sepharose beads. The column was washed with PBS containing 0.05% (v/v) NP40 and eluted with 0.25 M glycine buffer, pH 2.8, containing 0.05% NP40. Fractions containing CAR protein were dialyzed against PBS containing 0.05% NP40.
A cDNA fragment encoding the entire CAR ectodomain (D1D2) was cloned into a vesicular stomatis virus (VSV)-based expression vector. In this vector, CAR D1D2 cDNA was substituted for the VSV G protein and flanked by the signals that regulate transcription of the VSV G protein. In addition, the natural CAR signal peptide was deleted and replaced by the VSV G protein signal peptide, which increased secretion of CAR D1D2. Recovery of the ∆G-D1D2 recombinant VSV virus and preparation of virus stocks from cells transiently expressing VSV G protein were performed as described 28 . To produce CAR D1D2 protein, BHK cells were infected with the VSV G-complemented recombinant virus and maintained at 37°C in serum-free medium for 16 h. CAR D1D2 accumulated to ∼5 µg ml -1 in the culture supernatant. Protein was purified by affinity chromatography as described above. CAR D1 was expressed in E. coli as described 27 .
Plaque reduction. Monolayers of HeLa cells were grown in 60 mm culture dishes. CVB3 inoculum (1 × 10 8 PFU ml -1 ) was diluted in PBSA (PBS plus 0.1% (w/v) bovine serum albumin). Samples of full length CAR or CAR fragments were added to the diluted virus and incubated in microcentrifuge tubes for 2 h at room temperature. Media was aspirated from each dish and monolayers were infected with Fig. 4 Footprint of domain D1 onto the CVB3 surface (left) and footprint of CVB3 onto CAR (right). Inset shows the icosahedral asymmetric unit of the virus, the rough boundaries of the canyon (red lines) and the perimeter of the receptor footprint. The amino acids forming the interface are colored as follows: red for acidic residues, blue for basic residues, yellow for polar residues and green for hydrophobic residues. Thick dashed gray lines highlight the canyon boundaries. The CAR amino acids are numbered in accordance with the system used by Bewley et al. 21 (PDB 1KAC); these sequence numbers are greater by two than those used by van Raaij et al. 24 (PDB 1F5W). 2 -<rρ m > 2 )) 1/2 , where ρ i is the electron density of the boxed cryo-EM image, ρ m is the electron density of the model projection and r is the radius of the corresponding density point, which assures proper weighting of the densities. The angle brackets indicate mean values. 3 Resolution at which the correlation between two independent threedimensional reconstructions falls below 0.5. 
